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SoxD: an Essential Mediator of Induction
of Anterior Neural Tissues
in Xenopus Embryos
epidermogenesis and inhibit neurogenesis (Wilson and
Hemmati-Brivanlou, 1995; Sasai et al., 1995). Noggin,
Follistatin, and Chd bind directly to BMP4-class mole-
cules in the extracellular space and trap BMP into an
inactive complex (Piccolo et al., 1996; Zimmerman et
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Attenuation of BMP signals is a conservedmechanism³Department of Anatomy and Developmental Biology
Kyoto University Faculty of Medicine to initiate neurogenesis across species. In Drosophila,
dpp, a mutation of a fly BMP homolog, shows an ex-Sakyo, Kyoto 606±8397
§PRESTO, JST panded neuroectoderm, while sog, a mutation of fly Chd,
has a reduced CNS area (Holley et al., 1995, and refer-Japan
ences therein). Genetic studies have indicated that sog
functions mainly by inhibiting dpp. In zebrafish, similar
results have been reported for dino and swirl, mutationsSummary
in fish Chd and BMP genes, respectively (Schulte-
Merker et al., 1997; Kishimoto et al., 1997).Vertebrate neurogenesis is initiated by the organizer
A number of vertebrate homologs of proneural genesfactors that inhibit antineuralizing activities of bone
have been isolated (reviewed by Lee, 1997). Amongmorphogenetic proteins (BMPs) in theectoderm. Here,
them, neurogenin (Xngnr1) is the earliest one that iswe report a candidate mediator of neuralization, SoxD.
expressed in all of the primary neurons in Xenopus (MaExpression of SoxD starts at late blastula stages
et al., 1996). When overexpressed, Xngnr1 can inducewidely in the prospective ectoderm and becomes re-
neuronal differentiation in the animal cap explants, sug-stricted to the dorsal ectoderm by mid-gastrula stages.
gesting that Xngnr1 may be a primary regulator of differ-SoxD expression is enhanced by the neural inducer
entiation of neuroectoderm cells into neurons. The inChordin and is suppressed by BMP4 and its down-
vivo onsets of expression of Chd and Xngnr1 are sepa-stream genes. Microinjection of SoxD mRNA causes
rated by a few hours (Sasai et al., 1994; Ma et al., 1996),ectopic formation of neural tissues in vivo and induces
which may allow one or a few transcriptional steps toneural and neuronal markers in the isolated animal
exist between the neural inducer and the proneural gene.cap. Injection of a dominant-negative form of SoxD
Since the pathways connecting these two kinds of fac-mRNA can block neuralization of ectoderm caused by
tors are not well understood, we attempted to fill in theattenuation of BMP signals and can strongly suppress
gap by screening downstream genes of neural inducers.formation of anterior neural tissues in vivo. These data
show that SoxD functions as an essential mediator of
downstream signaling of neural induction. Results
Introduction Isolation and Structural Character of SoxD
In a search for downstream mediators of neural induc-
Several decades ago, it was first shown by Spemann tion, we performed a differential screen for genes in-
that the dorsal lip of amphibian gastrula (the Spemann duced by the neural inducer Chd (Mizuseki et al., 1998).
organizer), which gives rise to axial mesoderm, has a Among several early neural-specific genes isolated in
potent biological activity that induces the nervous sys- this screening, two clones were Xenopus homologs
temfrom adjacent ectoderm (neural induction; Spemann of Drosophila odd-paired (Benedyk et al., 1994) (Zic-
and Mangold, 1924). A similar observation was subse- related-1) and Sox2, respectively (Mizuseki et al., 1998).
quently reported in amniotes (Waddinton, 1933; Beddin- A third clone, named SoxD, showed a limited homology
ton, 1994), indicating that neural induction by the orga- only to the DNA-binding HMG domain of Sox2/3 (Ka-
nizer is a conserved phenomenon in the initial step of machi et al., 1995; Uwanogho et al., 1995; Collignon et
vertebrate neurogenesis. Until very recently, the induc- al., 1996) (Figure 1). This cDNA encoded 196 amino acid
ing molecules emanating from the organizer (neural in- residues, and the outside of the HMG domain did not
ducers) had been a ªholy grailº in the field of embryology show significant homology in the BLAST search. The
(Hamburger, 1988). During the last few years, molecular carboxy-terminal region following the HMG domain con-
studies have identified several organizer-specific se- tains a high proportion of proline and glutamine residues
creted factors in Xenopus. Noggin (Lamb et al., 1993), (15% and 13%, respectively), unlike the corresponding
Follistatin (Hemmati-Brivanlou et al., 1994), and Chordin region of Sox2/3.
(Chd) (Sasai et al., 1995) are shown to induce neural
tissues from uncommitted ectoderm (frog animal cap Expression of SoxD
cells). This inductive activity is now considered to be By whole-mount in situ hybridization, maternal expres-
mediated by attenuation of endogenous bone morpho- sion of SoxD was not detected (Figure 2A). SoxD expres-
genetic protein (BMP) signals that normally promote sion first appeared at late blastula stages widely in the
prospective ectoderm, and the signals were increased
by early gastrula stages (Figure 2B). By mid-gastrula‖ To whom correspondence should be addressed.
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Figure 1. Primary Structure of SoxD
(A) The amino acid sequence of SoxD (Gen-
Bank accession number AB013896). The
HMG domain is underlined.
(B) Comparison of the HMG domains of SoxD
and Sox2. Conserved amino acid residues
are indicated by dashes.
(C) Comparison of the structures of SoxD and
Sox2. The HMG domains share moderate ho-
mology (61% identity in amino acids). The
following carboxy-terminal domain of SoxD
is rich in proline and glutamine and does not
show any homology to other proteins. The
dominant-negative mutant of SoxD used in
Figures 6 and 7 lacks the region between the
initial Met and the point indicated by an
arrow.
stages, the expression in the ventral side became dimin- protein [GFP] tracer in the inset of Figure 3F) caused
unilateral expansion of the neural plate as shown withished, while expression in the prospective neuroecto-
derm stayed strong (Figure 2C). SoxD signals were de- Nrp1 and Hairy2 (Turner and Weintraub, 1994) (Figures
3F and 3G; 75% and 79%, respectively, n 5 24 each),tected widely in the neural plate of neurulae and in the
neural tube of tailbud and hatching stage embryos (Fig- while epidermal keratin was suppressed (Figure 3H;
71%, n 5 42). The proneural gene Xngnr1 was upregu-ures 2D±2G and data not shown).
As expected from the screening strategy, microinjec- lated in the injected side (Figure 3I; 84%, n 5 72). The
induced Xngnr1 showed punctuated pattern in all cases,tion of Chd enhanced SoxD expression in vivo and in the
animal caps, while that of BMP4 suppressed it (Figures suggesting that lateral inhibition was also involved in
the regulation.2H±2L). As described previously (Sasai et al., 1995), Chd
injection did not induce the mesodermal marker Xbra Because of the nature of the gene shown in Figures
1±3, we named this new Sry-related factor SoxD (D forin the animal cap (data not shown). Overexpression of
a dominant-negative BMP receptor (dnBMPR) (Graff et dorsal and differentiation).
al., 1994; Suzuki et al., 1994), which can mimic the neu-
ralizing activity of Chd, induced SoxD in the animal cap Neuralization of Ectodermal Cells by SoxD
Next, the neuralizing activity of SoxD was analyzed by(Figure 2M). This induction was suppressed by two
downstream genes of BMP4 in the ectoderm, Gata1b using isolated animal cap ectoderm. SoxD mRNA (100
pg) was injected into four animal blastomeres of 8-cell(Xu etal., 1997) and Msx1 (Suzuki et al., 1997) (Figures 2N
and 2O), which had been previously reported to promote embryos, and animal caps were prepared from the late
blastulae. Histological analysis showed that the 2-day-epidermogenesis. Zic-related-1, a neuralizing factor
suppressed by BMP (Mizuseki et al., 1998), could induce old explants with SoxD injection contained neural tis-
sues (90%, n 5 30), while the caps with control b-galSoxD (Figure 2P). These data demonstrate that SoxD is
regulated negatively by BMP4 and its downstream mRNA did not (n 5 27) (Figures 4A and 4B). The SoxD-
injected caps were positive for the pan-neural markergenes and positively by attenuation of BMP signals.
Nrp1 (Figures 4C and 4D; 100%, n 5 40), the neuronal
marker N-tubulin (Figure 4F; 100%, n 5 41), and theEctopic Formation of Neural Tissues
by SoxD Misexpression neural crest markers Slug (Mayor et al., 1995) (88%, n 5
40) and Forkhead6 (Scheucher et al., 1995) (86%, n 5Microinjection of SoxD mRNA showed that it can induce
ectopic formation of neural tissues in vivo (Figure 3). 22) (Figure 4G and data not shown). Injection of Sox2,
another Sry-related factor, did not induce the neuralWhen 100 pg of SoxDmRNA were injected into an animal
blastomere of an 8-cell embryo, an ectodermal mass marker (Figure 4E; n 5 24). The epidermalizing factors
Msx1 and Gata1b failed to inhibit the neuralizing activitywith neural tissue±like histology was observed after 2
days (78%, n 5 97; Figures 3A and 3B). When coinjected of SoxD, even when the amounts at which Msx1 and
Gata1b could suppress the neuralization by dnBMPRwith b-gal mRNA tracer, the mass was positive for X-gal
staining (Figure 3C; 100%, n 5 30). The formed mass were used (Figures 4H±4L; see legend for statistics).
RT-PCR analysis (Figure 5) showed that SoxD-injectedwas positive for the neural marker Nrp1 (Knecht et al.,
1995) (Figure 3D; 100%, n 5 40) and was located adja- animal caps contained high levels of Xngnr1,NCAM, and
N-tubulin mRNAs but did not express the mesodermalcent to the CNS (arrowheads; 80%) or separated from
it (arrow; 20%). The mass was also positive for the neu- markers Xbra and M-actin or the neural inducers Chd,
Noggin (Lamb et al., 1993), and Follistatin (Hemmati-ronal marker N-tubulin (Figure 3E; 89%, n 5 27). At
neurula stages, overexpression of SoxD in one side of Brivanlou et al., 1994) (Figures 5A and 5B). These data
show that SoxD can directly induce neural and neuronalthe embryo (as demonstrated by the green fluorescent
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Figure 2. Expression and Regulation of SoxD
(A±G) Spatial and temporal expression patterns of SoxD by whole-mount in situ hybridization. Significant maternal signals are not detected
([A]; stage 7, animal view). At early gastrula stages ([B]; stage 10, lateral view with the dorsal on the right), SoxD is expressed in a pan-
ectodermal fashion (the inset is a vegetal view). By stage 12 ([C], lateral view; inset, section perpendicular to the dorsal lip), ventral signals
(left) are diminished, leaving dorsal signals (right) strong. SoxD expression is pan-neural through neurula and tail bud stages ([D], early neurula;
[E], cross-section of mid-neurula; [F], late neurula; [G], tail bud stage).
(H and I) SoxD expression (stage 12) was upregulated by Chd ([H]; 75 pg mRNA/animal blastomere of 8-cell embryo) and suppressed by
BMP4 ([I]; 50 pg pCSKA-BMP4/blastomere) in vivo.
(J±P) Animal cap assays stained with SoxD probe (harvested at stage 12). Chd mRNA injection (75 pg/blastomere) induced SoxD ([K]; [J] is
b-gal±injected caps), and this induction was suppressed when coinjected with 50 pg of pCSKA-BMP4 (L). SoxD was induced by dnBMPR
([M]; 50 pg mRNA/blastomere) and suppressed when coinjected with Gata1b or Msx1 mRNA ([N and O]; 120 pg). SoxD induction by Zic-
related-1 is shown in (P) (75 pg). Arrows (B, C, H, and I) show the dorsal lip, and arrowheads (D and F) show the closing blastopore.
Abbreviations: so, somite; nt, notochord.
markers in the embryonic ectoderm. At stage 20 (neural little sequence homologous to other Sox genes and was
tube stage), the SoxD-injected caps expressed anterior therefore supposed to have an advantage in selectivity.
neural markers such as OtxA (Lamb et al., 1993), En2 Coinjection of 400 pg SoxD BD(2) mRNA significantly
(Hemmati-Brivanlou et al., 1990), Krox20 (Nieto et al., inhibited the neuralizing activity of 50 pg wild-type SoxD
1991), and the neural crest marker Slug, while the poste- (Figures 6B and 6C), while the inhibition was rescued
rior neural marker XlHbox6 and the cement gland marker by increasing the amount of wild-type SoxD to 200 pg
CG13 were not detected (Figure 5B). (Figure 6D) (percentages of Nrp1-positive caps were:
Figure 6A, 0%, n 5 40; Figure 6B, 95%, n 5 20; Figure
6C, 7% weak positives, n 5 55; and Figure 6D, 87%,SoxD Is Required for Neuralization of Ectoderm
n 5 45). Thus, SoxD BD(2) has a dominant-negativeCaused by Attenuation of BMP Signals
effect on neuralizing activity of SoxD (probably eitherTo further understand the role of SoxD in neural induc-
by competition for cofactors or by forming an inactivetion, we attempted to perform loss-of-function studies.
complex with SoxD proteins). The neuralization of ani-We generated a dominant-negative mutant SoxD con-
mal caps injected with dnBMPR mRNA (Figure 6E;struct, SoxD BD(2), in which the conserved HMG do-
100%, n 5 28) was inhibited by coinjection of SoxDmain was largely deleted (see Experimental Procedures
and Figure 1 legend). This resultant construct contains BD(2) (Figure 6F; all inhibited, n 5 25). This inhibitory
Neuron
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Figure 3. Microinjection of SoxD mRNA Induces Ectopic Formation of Neural Tissues
(A±E) Formation of ectopic neural mass in SoxD-injected embryos after 2 days.
(A) Surface picture. At 8-cell stage, 100 pg of SoxD mRNA (upper four) or GFP mRNA (bottom) was injected into one animal blastomere.
Ectopic mass with darker pigmentation is shown by an arrowhead.
(B) Cross-section through the mass (HE staining). Arrow, neural tissue±like mass.
(C) 50 pg of b-gal mRNA was coinjected with SoxD. All of the resultant masses were X-gal positive (arrow). Inset, cross-section.
(D and E) The formed mass was positive for the neural marker Nrp1 (D) and the neuronal marker N-tubulin (E) (bottom, control).
(F±I) Whole-mount in situ hybridization analysis at neurula stages. Embryos in which SoxD and GFP tracer mRNAs were injected in the right
side were selected and used for analysis (inset of [F], example of two embryos selected with GFP). Nrp1 was upregulated in the SoxD injection
side (SoxD) (F); Hairy2 marks both the midline and the borders of the neural plate (hairy2) (G). The neural plate in the injection side was
expanded laterally (G). The area of epidermal keratin expression was reduced in the injection side ([H], arrows). Upregulation of Xngnr1 in the
injected side is shown in (I). Arrowheads (F, G, H, and I) indicate the closing blastopore.
effect could be rescued by wild-type SoxD (Figure 6G; plate (84%, n 5 19) and that of Pax6 in the eye-forming
field (90%, n 5 21) (Figures 7G and 7H). The markers100%, n 5 32) but not by Sox2 (Figure 6H; none, n 5
24). These datasuggest that signalingmediated by SoxD expressed in more posterior regions, En2 (midbrain/
hindbrain boundary; Figure 7I) and Krox20 (hindbrain;is required for neural differentiation of ectoderm caused
by attenuation of BMP signals. Figure 7J), were not significantly affected (n 5 24 each).
The spinal cord region stained with neural cell adhesion
molecule (NCAM) or N-tubulin had minimal changes,SoxD Is Essential for Proper Anterior
except that closure of the neural tube was often delayedNeural Development
by a few stages during late neurula stages (55%, n 5Finally, we investigated the in vivo roles of SoxD by
40; data not shown). SoxD BD(2) had minimal effectsusing the dominant-negative SoxD. When SoxD BD(2)
on the expression of the proneural gene Xngnr1 in thewas injected into animal blastomeres of 8-cell embryos,
three rows of primary neurons (arrowheads) that coverthe injected embryos had significant defects in the head
deuterencephalic/spinocaudal regions (Figure 7K; n 5(85%, n 5 102); this did not occur with injection of the
43). However, Xngnr1 expression in the trigeminal gan-same amount or more of b-gal mRNA (n 5 45) (Figures
glia (arrows)was significantly suppressed by expression7A and 7B). Eyes were missing or rudimentary, and Otx
of the dominant-negative SoxD (72%). Consistent withexpression in the forebrain was reduced (Figure 7C;
this finding, Slug and Forkhead6 expression in the head79%, n 5 28). We examined early effects of SoxD BD(2)
neural crest primordia were reduced by SoxD BD(2)with regional markers at neurula stages. The Otx expres-
(70% and 67%, respectively, n 5 60; data not shown).sion in the anterior neural plate is significantly sup-
The effects of SoxD BD(2) were unlikely to occur viapressed by SoxD BD(2) (Figures 7D and 7E; 82%, n 5
defects in the axial mesoderm because expression of45), and the suppression was rescued by wild-type SoxD
Chd (a marker for prechordal plate and notochord) was(Figure 7F; 81%, n 5 21). Overexpression of SoxD BD(2)
decreased expression of Xanf1 in the anterior neural not impaired (n 5 45; Figure 7L). Thus, the signaling
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Figure 4. Microinjection of SoxD mRNA Is Sufficient for Neural and Neuronal Differentiation of Animal Cap Ectoderm
(A and B) Injection of 100 pg b-gal (A) and SoxD (B) mRNA resulted in formation of atypical epidermis and neural tissues on the third day,
respectively (HE staining).
(C±L) Animal cap assays with the neural marker Nrp1 ([C±E] and [H±L]; whole-mount in situ hybridization at stage 20), N-tubulin (F), and Slug
(G). The following RNA was injected into all animal blastomeres of 8-cell embryos, from which the animal caps were prepared: 100 pg b-gal
([C] and insets of [F] and [G]), 100 pg SoxD (D, F, and G), 100 pg Sox2 (E), 50 pg dnBMPR (24/24 Nrp1 positive) (H), 50 pg dnBMPR 1 120
pg Gata1b (0/23 Nrp1 positive) (I), 50 pg dnBMPR 1 120 pg of Msx1 (0/24 Nrp1 positive) (J), 100 pg SoxD 1 120 pg Gata1b (28/28 Nrp1
positive) (K), and 100 pg SoxD 1 120 pg Msx1 (37/40 Nrp1 positive) (L). For (H) through (L), the amounts of injected mRNA were made constant
(220 pg) by adding an adequate amount of b-gal mRNA.
mediated by SoxD is required for proper anterior neural (Selleck and Bronner-Fraser, 1995; Mancilla and Mayor,
1996).development in vivo.
There are several other Sox transcription factors ex-
pressed in early vertebrate neuroectoderm. AmongDiscussion
them are Sox1, Sox2, Sox3, and Sox11, which are closely
related to each other in structure (reviewed by Prior andIn this work, we isolated a novel Sry-related factor,
Walter, 1996). For instance, the HMG domains shareSoxD, which plays an essential role in neural differentia-
90% homology between Sox2 and Sox3. In contrast,tion of embryonic ectoderm.
SoxD is a distant member of the Sox family that shares
only 61% homology to Sox2 in the HMG domain. BesideSoxD Is a Novel Sry-Related Factor
structure, SoxD has a clear difference fromSox2 inactiv-
with a Potent Neuralizing Activity ity. Sox2, when injected alone, cannnot initiate neural
RNA injection studies show that SoxD has a potent neu- differentiation of uncommitted ectoderm, while SoxD
ralizing activity both in vivo and in the isolated ectoder- can efficiently do it by itself (Figures 4D and 4E). Sox2
mal explant (Figures 3 and 4). The neural tissues induced has been known to require tissue-specific cofactors to
by SoxD injection express anterior markers but not the transactivate the target genes (context-dependent trans-
spinocaudal marker XlHbox6 (Figure 5). This kind of an- activation; Kamachi et al., 1995). Sox2 (which is ex-
terior-posterior pattern is a common feature of neural pressed also in the forming chick lens) can transactivate
tissues induced by neural inducers such as Chd and by a crystallinpromoter construct in lens cellswhere appro-
dnBMPR (archencephalic neural induction; reviewed by priate cofactors are available, whereas Sox2 fails to act
Sasai and De Robertis, 1997). on the same promoter in fibroblast cells, which do not
SoxD-injected animal caps also contain neural crest contain the cofactors (Kamachi et al., 1995). Since the
cells positive for Slug and Forkhead6 (Figure 4 and data direct target genes in the neuroectoderm have not yet
not shown). However, it is hard to tell whether this neural been identified for SoxD, it remains to be known whether
crest differentiation is induced by SoxD directly or not, SoxD alone can transactivate its target genes in a con-
since neural crest cells can also be induced secondarily text-independent manner or requires some cofactors
that are present specifically in the animal cap cells. Ifby interaction between epidermis and neural tissues
Neuron
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Figure 5. RT-PCR Analysis of SoxD-Injected Animal Caps
(A) Animal caps at stage 12. The proneural gene Xngnr1 (Ma et al.,
1996) was induced in SoxD-injected caps, while the mesodermal
markers Xbra, Chd, Noggin, or Follistatin (XFS) were not. Abbrevia-
tion: H4, histone H4.
(B) Stage 20. The neural marker NCAM, the neuronal marker
N-tubulin, the neural crest marker Slug, the anterior neural markers
Otx and XIF3, En2 (midbrain/hindbrain border), and Krox20 (hind-
brain) were induced in SoxD-injected caps, while the spinocaudal Figure 6. Injection of a Dominant-Negative SoxD Blocks Neural Dif-
marker XlHbox6, the dorsal mesodermal marker M-actin, and the ferentiation Caused by dnBMPR
cement gland marker CG13 were not. Epidermal keratin was sup- Whole-mount in situ hybridization studies of animal caps using Nrp1
pressed. probe.
(A) Control b-gal±injected caps.
(B) Induction of Nrp1 by 50 pg of SoxD.
(C) Coinjection of 400pg SoxDBD(2) suppressed the Nrp1 inductionthe latter is the case, the cofactors are likely different
by wild-type SoxD.
from those for Sox2, because Sox2 fails to act efficiently (D) The suppression was rescued by increasing SoxD mRNA to
there. 200 pg.
(E) Nrp1 induction by 50 pg of dnBMPR injection.
(F) Coinjection of 400 pg SoxD BD(2) suppressed theNrp1 induction
Two Phases of SoxD Expression in Early Embryos by dnBMPR.
SoxD has an intriguing expression pattern. SoxD tran- (G) The suppression was rescued by 100 pg of SoxD mRNA.
(H) Injection of 50 pg dnBMPR, 400 pg SoxD BD(2), and 100 pgscripts are distributed in a pan-neural fashion from mid-
Sox2 mRNA.gastrula stages on (Figures 2C±2E). However, at the
For (A) through (H), the amount of injected mRNAwas madeconstantbeginning of gastrulation, the initial phase of SoxD ex-
(600 pg) by adding an adequate amount of b-gal mRNA.
pression is pan-ectodermal and does not seem to be
tightly regulated along the dorsal-ventral axis (Figure
2B). One possibility is that the early pan-ectodermal after mid-gastrulastages should account for its neuraliz-
ing activity. Our preliminary experiments with a hor-expression of SoxD may somehow reflect the potential
of ectoderm to be neural, as first shown by Spemann mone-inducible construct of SoxD gave consistent re-
sults with this idea, showing that activation of SoxD(Spemann, 1918). In amphibian embryos, the fate of ven-
tral ectoderm from early gastrulae, but not from late during and after mid-gastrula stages is sufficient for
neuralization (M. K., K. M., and Y. S., unpublished data).gastrulae, can be respecified into a neural direction by
transplanting to the dorsal side. Recent studies (re-
viewed by Hemmati-Brivanlou and Melton, 1997; Sasai Regulation of SoxD by BMP Signaling
SoxD expression in mid-gastrula animal caps (Figuresand De Robertis, 1997) have brought up a model saying
that ªneuralº is ªdefaultº for early gastrula ectoderm 2J±2P) can be positively regulated by Chd, dnBMPR,
and Zic-related-1, and negatively by BMP4 and by twoand that endogenous ventralizing factors such as BMP4
suppress neural differentiation of ectoderm secondarily. primary response genes of BMP4, Gata1 and Msx1. This
explains, at least in part, how SoxD expression in theIn this view, persistent expression of SoxD during and
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second ªneural-specificº phase is established. First,
SoxD gene is turned on in late blastula ectoderm by
some pan-ectodermal activators, which are irrelevant
to BMP signals. Second, by mid-gastrula stages, SoxD
expression in the ventral ectoderm is shut off by BMP
signaling, including Msx1 and Gata1, while it is main-
tained on the dorsal side by attenuated BMP signaling.
In agreement with this model, the neuralization effect of
SoxD in the animal cap can override the antineuralizing
activities of Gata1 and Msx1 (Figures 4H±4L). However,
it should require further extensive studies (perhaps in-
cluding mouse and zebrafish genetics) to decide which
factors are upstream or downstream, since the down-
stream pathways of BMP receptors have proved to be
quite complicated (Mizuseki et al., 1998, and references
therein). For instance, in this case, Zic-related-1 and
SoxD can activate each other transcriptionally (K. M.,
M. K., and Y. S., unpublished data and Figure 2P), which
can make the upstream/downstream issue quite complex.
One attractive hypothesis is that what BMP and
Chordin do for neural differentiation is to discontinue
and sustain SoxD expression in the ectoderm beyond
mid-gastrulation, respectively. And, consequently, the
fate of ectoderm becomes irreversibly determined dur-
ing late gastrulation. This model must await further in-
vestigation.
SoxD Is an Essential and Sufficient Mediator
for Anterior Neural Induction
Microinjection of SoxD mRNA can induce neural and
neuronal differentiation both in vivo and in the animal
cap. Attenuation of SoxD activity by a dominant-nega-
tive mutant results in inhibition of neuralization of the
animal cap initiated by dnBMPR. Overexpression of
SoxD BD(2) in vivo impairs forebrain formation and has
less effect on posterior neural structures. Therefore,
SoxD seems to be required for anterior (archencephalic)
neural development in vivo, while it may not be essential
for posterior development. This may go along with the
fact that the neural tissues inducedby SoxD in the animal
cap are of anterior character (Figure 5). On the other
hand, in the embryo, SoxD is expressed in both anterior
and posterior CNS. It is therefore possible that some
other factors may compensate for the loss of SoxD sig-
naling in the posterior regions. Interestingly, in this
sense, it was recently shown that posterior neural tis-
sues can be induced by the combination of Sox2 and
Figure 7. AnEssential Role for SoxD in Anterior Neural Development fibroblast growth factor (FGF) (Mizuseki et al., 1998).
(A and B) Phenotypic analysis of third-day embryos. Control b-gal In conclusion, SoxD is an essential mediator of major
(A) or 400 pg SoxD BD(2) (B) mRNA was microinjected into all of
neuralization pathways initiated by archencephalic neu-the animal blastomeres of 8-cell embryos. Injection of SoxD BD(2)
ral inducers that attenuate BMP antineuralizing signals.caused defects of anterior structures (head and eyes).
Several early regulatory genes of neural induction have(C) Whole-mount in situ hybridization with OtxA probe (control, bot-
been isolated recently, including SoxD, Sox2/3, Zic-tom) showing impairedexpression in SoxD BD(2)±injected embryos.
(D±L) Whole-mount in situ hybridization studies at neurula stages. related, and Xiro genes (Bellefroid et al., 1998; Gomez-
(D±F) Otx signals in control-injected (D), SoxD BD(2)±injected (E), Skarmeta et al., 1998). Now, it is an important challenge
and SoxD BD(2) 1 wild-type SoxD-injected (50 pg) (F) embryos. to connect these genes to each other and to proneural
(G±L) A control-injected (left) and a SoxD BD(2)±injected (right) em- genes in a way that reflects real in vivo events. SoxD,
bryo stained with Xanf1 ([G]; anterior neural plate at early neurula
being an essential mediator of neuralization, should playstages), Pax6 ([H]; eye fieldand ventral CNS; unlike obvious suppres-
a key role in these complex gene interactions.sion in the eye field, effects on the trunk ventral CNS were not
significant nor reproducible), En2 ([I]; midbrain/hindbrain border,
Experimental Procedureslate neurula), Krox20 ([J]; hindbrain, late neurula), Xngnr1 ([K]; arrow-
heads, primary neurons in trunk; arrows, trigeminal ganglia), and
Isolation and Expression Pattern of SoxDChd ([L]; axial mesoderm, mid-neurula).
To isolate genes induced by Chd at early phases of neural induction,
we performeda differential screen using animal cap mRNAs injected
Neuron
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with either fly Chd (sog; Holley et al., 1995) mRNA or water. The Norris, D., Rastan, S., Stevanovic, M., Goodfellow, P.N., and Lovell-
Badge, R. (1996). A comparison of the properties of Sox-3 with Srydetails have been described elsewhere (Mizuseki et al., 1998). The
78 positive clones from 15,000 pfu of stage 11.5 Xenopus neuroec- andtwo related genes, Sox-1 andSox-2. Development 122, 509±520.
toderm cDNA lambda library were subsequently characterized by Fainsod, A., Deissler, K., Yelin, R., Marom, K., Epstein, M., Pillemer,
using partial sequencing and whole-mount in situ hybridization. G., Steinbeisser, H., and Blum, M. (1997). The dorsalizing and neural
Fifty-seven of the clones were expressed preferentially in the ner- inducing gene follistatin is an antagonist of BMP4. Mech. Dev. 63,
vous system, and within several hundred bases from the 59 end 39±50.
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